The HMGA1 proteins act as architectural transcription factors and are involved in the regulation of genes important in the process of carcinogenesis. Although HMGA1 proteins are overexpressed in most types of cancer, signaling circuits regulated by HMGA1 are not clarified in detail. In this study, we show that HMGA1 proteins promote proliferation of pancreatic cancer cells by accelerating G 1 phase progression. Transfection of HMGA1-specific small interfering RNA (siRNA) activates the RB-dependent G 1 -phase checkpoint due to the impaired expression of cyclin D1. Down-regulation of cyclin D1 after the HMGA1 knockdown is due to translational control and involves the repressor of the eukaryotic translation initiation factor 4E (eIF4E) 4E-BP1. We show that 4E-BP1 and cyclin D1 act downstream of the insulin receptor (IR) in pancreatic cancer cells. At the molecular level transcription of the IR is controlled by a CAAT/enhancer binding protein B (C/ EBPB)/HMGA1 complex. Together, this work defines a novel pathway regulated by HMGA1, which contributes to the proliferation of pancreatic cancer cells. [Cancer Res 2007;67(10):4679-86] 
Introduction
HMGA1 is involved in numerous biological processes, such as transcription, embryogenesis, differentiation, and neoplastic transformation (1, 2) . HMGA1a ( formerly HMG I) and HMGA1b ( formerly HMG Y) are encoded by the same gene and are generated by alternative RNA splicing. HMGA1 proteins function as architectural transcription factors by binding to the minor groove of AT-rich elements via the positively charged basic AT-hook DNA-binding motif (3) . Overexpression of HMGA1 proteins results in transformation or increased malignancy (4, 5) . Furthermore, transgenic overexpression of HMGA1 results in tumor formation in vivo (6, 7) . Analogous to experimental findings, HMGA1 is overexpressed in numerous tumors (2) . Pancreatic ductal adenocarcinoma cells express high levels of HMGA1 mRNA and protein (8, 9) . Furthermore, lowering HMGA1 expression in pancreatic ductal adenocarcinoma (PDAC) cells is a potential therapeutic strategy (10) .
Disturbed cell cycle regulation is a hallmark of cancer. Pancreatic ductal adenocarcinoma cells are characterized by a functionally inactivated RB-dependent G 1 -phase checkpoint (11) . RB inactivation occurs by the concerted action of G 1 -phase cyclins and cyclindependent kinases (CDK). The D-type cyclin, cyclin D1, is overexpressed in PDAC cells (12) (13) (14) . Cyclin D1-CDK4/6 complexes phosphorylate RB and thereby contribute to the observed RB inactivation in PDAC cells. Although transcriptional regulation is an important mode of control for cyclin D1 expression, cyclin D1 is negatively regulated by proteasomal degradation, nucleocytoplasmic shuttling, and translation. Thr 286 phosphorylation of cyclin D1 induces the interaction with the nuclear exportin CRM1 and the nuclear export of cyclin D1 (15) . In the cytoplasm, cyclin D1 is polyubiquitinated and proteasomal degraded (16, 17) . In addition, several signaling pathways, including the phosphoinositide-3-kinase (PI3K)/Akt pathway, regulate cyclin D1 translation (18, 19) . Translational control of cyclin D1 occurs via the eukaryotic initiation factor 4E (eIF4E) binding protein 1 (4E-BP1). 4E-BP1 normally binds to the eIF4E, inhibiting cap-dependent translation. Hyperphosphorylation of 4E-BP1, a target of the mammalian target of rapamycin kinase, disrupts this binding, and activates cap-dependent translation (20, 21) . Inactivation of 4E-BP1 and activation of S6K1 occur after turning on insulin receptor (IR) signaling (22) .
The IR gene is supposed to be a housekeeping gene, which participates in cell growth, proliferation, and gene expression. Although the IR is universally expressed, IR gene transcription is governed by a broad range of factors under different environmental conditions. Recently, regulation of IR gene transcription has been shown to be controlled by a nucleoprotein complex containing HMGA1, SP1, AP2, and CAAT/enhancer binding protein h (C/ EBPh) in several cell lines (23, 24) . Because molecular pathways and target genes controlled by HMGA1 were not investigated in detail in PDAC cells, we used RNA interference to elucidate HMGA1 function. We show that HMGA1 regulates proliferation of PDAC cells by transcriptional control of the IR gene. Furthermore, we provide evidence that translational control of cyclin D1 abundance act downstream of IR signaling in pancreatic cancer cells.
Cell cycle analysis. For cell cycle analysis, the cells were washed twice in PBS and redissolved in propidium iodide staining buffer containing 0.1% sodium citrate, 0.1% Triton X-100, and 50 Ag/mL propidium iodide. After 1 h of incubation at 4jC, flow cytometry was done using a BD Biosciences FACScan. The distribution of cells in different cell cycle stages (G 1 -S/G 2 + M) was determined according to their DNA content. Thus, cells possessing 2n (diploid) DNA were assigned to be in G 1 , and those having a DNA content between 2n and 4n (tetraploid) were defined as S-phase cells. Finally, cells having f4n DNA content were assumed to be in G 2 + M. The sum of all cells in fluorescence-activated cell sorting (FACS) analysis was set to 100%, and the distribution into G 1 , S, and G 2 + M phases was determined by counting the cells in each window according to the definitions above.
Preparation of total cell lysates. Whole-cell lysates were prepared by incubating cell pellets for 30 min at 4jC in immunoprecipitation buffer (50 mmol/L HEPES, 150 mmol/L NaCl, 1 mmol/L EDTA, 0.5% NP40, 10% glycerol, 1 mmol/L DTT, 1 mmol/L phenylmethysulfonyl fluoride, and 5 mmol/L NaF). Insoluble material was removed by centrifugation, and lysates were aliquoted and stored at À80jC.
Western blot analysis. Extracts were normalized for protein and heated at 95jC for 5 min in Lämmli buffer. Proteins were resolved on 10% SDS-polyacrylamide gels and electrophoretically transferred to polyvinylidene diflouride (Millipore) membranes in a semidry blotting system. Membranes were blocked in PBS supplemented with 5% skim milk and 0.1% NP40 and incubated with antibodies against RB, cyclin A (BD PharMingen), cyclin D1 (Oncogene Research Products), 4E-BP1, IR (Cell Signaling Technology), and h-actin (Sigma-Aldrich). Proteins recognized by the antibodies were detected by the Odyssey IR Imaging System (Licor) using Alexa680-coupled (Molecular Probes) or IRDeye800-coupled (Rockland) secondary antibodies.
Quantitative reverse transcription-PCR. Total RNA was isolated from the pancreatic cancer cell lines using the RNeasy kit (Qiagen) following the manufacturer's instructions. Total RNA (100 ng) was used for cDNA synthesis using the TaqMan Reverse Transcription reagents (Applied Biosystems). Quantitative mRNA analysis was done using real-time PCR analysis (TaqMan, PE Applied Biosystems) as previously described (25) . Primer sequences are as followed: HMGA1, forward 5 ¶-CAGCGAAGTGC-CAACACCTAAG-3 ¶, HMGA1, reverse 5 ¶-CCTTGGTTTCCTTCCTGGAGTT-3 ¶; cyclin D1, forward 5 ¶-GCCGAGAAGCTGTGCATCTAC-3 ¶, cyclin D1, reverse 5 ¶-GTTCAATGAAATCGTGCGGG-3 ¶; IR, forward 5 ¶-ACCTGCACCACAAATG-CAAGA-3 ¶, IR, reverse 5 ¶-AGACGTCACCGAGTCGATGGT-3 ¶.
Chromatin immunoprecipitation assay. Chromatin immunoprecipitation (ChIP) assays were done as recently described (25) . An equal amount of chromatin (50-100 Ag) was used for each precipitation. The antibodies used were as follows: HMGA1 and C/EBPh (Santa Cruz Biotechnology) and h-actin (Sigma-Aldrich). One-twentieth of the precipitated chromatin was used for each PCR reaction. To ensure linearity, 28 to 38 cycles were done, and one representative result out of at least three independent experiments is shown. Sequences of the promoter-specific primers are IR promoter E3 region, forward 5 ¶-AGATCTGGCCATTGCACTCCA-3 ¶; IR promoter E3 region, reverse 5 ¶-ATACCTGCATGCCAGTTCTGGG-3 ¶; cFlip, forward 5 ¶-GGGCCACAGAGC-GAGACTCTG-3 ¶; cFlip, reverse 5 ¶-CTCACTGTGTGAGGCCGAGTCC-3 ¶.
Statistical methods. All data were obtained from at least three independent experiments done in duplicate, and the results are presented as mean and SE. To show statistical significance, Student ¶s t test was used. P values are indicated in the figure legends. 
Results
Knockdown of HMGA1 inhibits proliferation of PDAC cells. Increased HMGA1 protein levels have been reported in PDACs (8, 9) . To elucidate the role of HMGA1 proteins in PDAC, we used RNA interference. Band-shift experiments using the high-affinity HMGA1 binding site of the interleukin 4 promoter revealed a knockdown of HMGA1 protein occurring 72 h after the transfection of the HMGA1 siRNA (data not shown). At this time point, HMGA1 mRNA expression is reduced to 2.8% in MiaPaCa2 and to 3.3% in DanG cells (Fig. 1 ) compared with untransfected controls. Ninetysix hours after the transfection HMGA1, mRNA was reduced to 7.9% in MiaPaCa2 and to 1.3% in DanG cells compared with untransfected controls (Fig. 1) . HMGA1 proteins are known to play a critical role in cell proliferation (26) . In this line, we found reduced BrdUrd incorporation 72 h after transfection of the HMGA1 siRNA to 57.9% compared with untransfected controls in MiaPaCa2 cells ( Fig. 2A) and to 45.5% compared with untransfected controls in DanG cells (Fig. 2B) . Ninety-six hours after the transfection of the HMGA1-specific siRNA, BrdUrd incorporation was reduced to 55.9% compared with untransfected controls in MiaPaCa2 cells ( Fig. 2A) and to 59% compared with untransfected controls in DanG cells (Fig. 2B ). In agreement with this, growth curves revealed an impaired proliferation rate after the knockdown of HMGA1 in MiaPaCa2 and DanG cells (Fig. 2C) compared with untransfected or control siRNA-transfected cells. Reduced proliferation rates are due to an accumulation of the cells in the G 1 phase of the cell cycle. The G 1 -phase fraction was increased to 78.2% after the knockdown of HMGA1 in MiaPaCa2 cells compared with untransfected or control siRNA-transfected cells (Fig. 2D) . Similarly, an increase of the G 1 -phase fraction to 51.4% was observed after the transfection of the HMGA1 siRNA into DanG cells (Fig. 2D) . In addition, an increase of the G 2 -M-phase fraction was observed after the HMGA1 knockdown in DanG cells. These findings show that HMGA1 proteins control cell cycle progression Figure 2 . Knockdown of HMGA1 inhibits proliferation of PDAC cells. A, MiaPaCa2 cells were transfected with no siRNA, a control, and a HMGA1-specific siRNA. Relative BrdUrd incorporation was investigated 72 h (left ) and 96 h (right ) post-transfection. **, P < 0.001 versus controls by Student's t test. B, DanG cells were transfected with no siRNA, a control, and a HMGA1-specific siRNA. Relative BrdUrd incorporation was investigated 72 h (left ) and 96 h (right ) post-transfection **, P < 0.001 versus controls by Student's t test. C, MiaPaCa2 and DanG cells were transfected with no siRNA, a control, and a HMGA1-specific siRNA. Cell numbers were counted every 24 h until 72 h post-transfection. *, P < 0.05 versus controls by Student's t test. D, MiaPaCa2 and DanG cells were transfected with no siRNA, a control, and a HMGA1-specific siRNA and were stained with propidium iodide 72 h post-transfection. The cell cycle phase was measured by FACS analysis. *, P < 0.05; **, P < 0.001 versus controls by Student's t test.
of PDAC cells. Because the HMGA1 knockdown revealed a G 1 -phase arrest in both cell lines investigated, we characterized the molecular mechanism in detail.
HMGA1 regulates translation of cyclin D1. To investigate the observed G 1 -phase arrest after the knockdown of HMGA1, we did Western blot analysis of key G 1 -phase regulators. Compatible to the accumulation of the cells in the G 1 phase, a decrease of cyclin A protein levels and hypophosphorylation of the tumor suppressor RB was observed 72 h after the transfection of the HMGA1-specific siRNA in MiaPaCa2 and DanG cells (Fig. 3A) . RB is phosphorylated and inactivated by the complex interaction of G 1 cyclins with CDK4 and CDK6. In this line, a distinct reduction of cyclin D1 protein expression was detected 72 h after the transfection of the HMGA1-specific siRNA in MiaPaCa2 and DanG cells (Fig. 3A) compared with untransfected or control siRNA-transfected cells. In addition, 96 h after the transfection of the HMGA1-specific siRNA, cyclin D1 protein abundance was reduced (Supplementary Fig. S1A ). These data propose that HMGA1 controls G 1 -phase progression by regulating the protein level of cyclin D1 and, therefore, also the RBdependent G 1 -phase checkpoint.
The regulation of cyclin D1 protein abundance can be controlled at the transcriptional, the translational, and the degradation level. Because HMGA1 is known to act as a transcriptional regulator, we investigated the cyclin D1 mRNA level. About 72 and 96 h after transfection with the HMGA1-specific siRNA, no significant downregulation of cyclin D1 mRNA was observed in MiaPaCa2 cells ( Fig. 3B and Supplementary Fig. S1B) . In DanG cells, we observed up-regulation of cyclin D1 mRNA expression after the HMGA1 knockdown ( Fig. 3B and Supplementary Fig. S1B ). Because we observed no down-regulation of cyclin D1 mRNA abundance in both cell lines investigated, HMGA1-dependent transcription of the cyclin D1 gene in PDAC cells is unlikely to explain impaired cyclin D1 protein expression. To determine whether the decrease of cyclin D1 protein is caused by enhanced degradation, we used the proteasome inhibitor MG132. Because the down-regulation of cyclin D1 protein level induced by HMGA1 siRNA transfection was independent of MG132 treatment in MiaPaCa2 and DanG cells (Fig. 3C) , a translational mechanism is likely to cause the observed cyclin D1 regulation. Translational control of cyclin D1 occurs via the eIF4E binding protein (4E-BP1) . To analyze whether the reduction of cyclin D1 proteins involves 4E-BP1, Western blots were done. In MiaPaCa2 cells, hypophosphorylated, active 4E-BP1 was detected 72 and 96 h after the knockdown of HMGA1 compared with untransfected or control siRNA-transfected cells (Fig. 3D) . Similar, hypophosphorylated 4E-BP1 was found in DanG cells 72 and 96 h after the transfection of the HMGA1-specific siRNA (Fig. 3D) . These experiments show that the HMGA1 knockdown results in an impaired phosphorylation of 4E-BP1.
HMGA1 controls transcription of the IR. The phosphorylation status of 4E-BP1 is known to be regulated by the IR (22) . Additionally, HMGA1 proteins have been shown to control IR gene transcription in concert with the C/EBPh transcription factor (23, 24) . To evaluate whether the IR is also controlled by HMGA1 proteins in PDAC cells, we analyzed IR mRNA and protein expression levels after HMGA1 siRNA transfection. Real-time PCR revealed that IR mRNA expression was reduced to 41.3% in MiaPaCa2 cells and 25.8% in DanG cells (Fig. 4A ) compared with untransfected and control siRNA-transfected cells. Furthermore, as shown by Western blot analysis, IR protein levels were reduced in MiaPaCa2 and DanG cells (Fig. 4B) 72 and 96 h after the transfection of the HMGA1-specific siRNA. To detect binding of HMGA1 to the IR gene promoter, we did ChIP experiments using primers specific for the E3 region, known to be bound by HMGA1 and C/EBPh. As shown in Fig. 4C , binding of HMGA1 to the E3 IR gene promoter region was significantly reduced 72 h after the transfection of MiaPaCa2 and DanG cells (Fig. 4C) with the HMGA1-specific siRNA. Furthermore, C/EBPh binding to the E3 region of the IR gene promoter was significantly reduced after the HMGA1 knockdown in MiaPaCa2 and DanG cells (Fig. 4C) . These data suggest that HMGA1 recruits C/EBPh to the IR promoter to control IR gene transcription.
The IR controls cyclin D1 translation. To show whether cyclin D1 translation is downstream of the IR in PDAC cells, we used an IR-specific siRNA. Seventy-two hours after the transfection of the IR-specific siRNA, IR mRNA levels were reduced to 33% in MiaPaCa2 cells and to 9.4% in DanG cells (Fig. 5A ) compared with untransfected and control-transfected cells. In agreement with the observed mRNA decline, IR protein levels were considerably reduced after the IR knockdown in MiaPaCa2 and DanG cells (Fig. 5D ). In line with the HMGA1 knockdown, impaired proliferation after the transfection of the IR-specific siRNA was detected. BrdUrd incorporation after IR knockdown was reduced to 52.9% in MiaPaCa2 cells and to 59.1% in DanG cells (Fig. 5B ) compared with untransfected and control siRNA-transfected cells.
Furthermore, we detected reduced cyclin D1 protein levels 72 h after transfection of the IR siRNA into MiaPaCa2 and DanG cells (Fig. 5D) . In contrast, only a marginal decrease of cyclin D1 mRNA abundance after the IR siRNA transfection was observed in MiaPaCa2 (Fig. 5C) . In DanG cells, cyclin D1 mRNA levels were slightly increased after IR knockdown (Fig. 5C ). 4E-BP1 is hypophosphorylated and active after HMGA1 siRNA transfection. Consequently, we examined whether the IR knockdown also influences the phosphorylation status of 4E-BP1. In agreement with our previous observations, the IR knockdown inhibited the phosphorylation of 4E-BP1 in MiaPaCa2 and DanG cells (Fig. 5D) . These data suggest that IR signaling controls cyclin D1 translation in PDAC cells.
Discussion
HMGA1 proteins are involved in the transcriptional regulation of several genes important in carcinogenesis. Interestingly, they do not directly act as transcription factors, but are able to induce allosteric changes in the regulated promoter regions. In this virtue, they facilitate the assembly and the binding of corresponding transcription factors to form a multiprotein complex named the enhanceosome. Using their three independent acting basic AThook motifs, they can stabilize protein-protein as well as protein-DNA interactions (27) . HMGA1 overexpression has become a diagnostic marker of neoplastic transformation and increased Seventy-two hours after the transfection, IR mRNA levels were quantified using real-time PCR analysis and normalized to cyclophilin expression levels. *, P < 0.05; **, P < 0.001 versus controls by Student's t test. B, MiaPaCa2 and DanG cells were transfected as indicated. About 72 and 96 h after the transfection, Western blot analysis shows the expression of the IR. h-Actin control equals protein loading. C, MiaPaCa2 and DanG cells were transfected as indicated. Seventy-two hours after the transfection, chromatin was immunoprecipitated with a HMGA1-specific antibody, a C/EBPh-specific antibody, or a h-actin antibody as a negative control. Precipitated DNA or 10% of the chromatin input was amplified with gene-specific primers for the E3 region of the IR promoter or the c-Flip promoter. (2, 28) . HMGA1 proteins are also overexpressed in PDAC (8, 9) . Although Trapasso et al. reported that treatment of PDAC cells with HMGA1-specific antisense phosphorothioate oligodeoxynucleotides reduced proliferation, the exact molecular mechanism regulated by HMGA1 to control proliferation of PDAC cells is unknown. Herein, we show that the siRNAmediated knockdown of HMGA1 leads to a significant reduction of cell proliferation of PDAC cells due to a G 1 -phase arrest. Furthermore, we show that HMGA1 controls cyclin D1 translation indirectly by transcriptional regulation of the IR gene. Because titration of the HMGA1 siRNA shows dose dependency of the molecular events regulated by HMGA1 (Supplementary Fig. S2 ) and two different HMGA1-specific siRNA provoke identical molecular changes ( Supplementary Fig. S3 ), we describe a HMGA1-specific pathway.
Progression through the G 1 phase of the cell cycle is mediated by several proteins, including cyclins, CDK, CDK inhibitors, and pocket proteins. Cyclin D1 has been found to be frequently overexpressed in pancreatic cancer, and this overexpression was shown to be associated with poor prognosis (12) (13) (14) 29) . Microarray analyses of human breast epithelial cells, overexpressing HMGA1, revealed that this overexpression results in a 3.1-fold increase in cyclin D1 mRNA content, suggesting a transcriptional regulation of cyclin D1 (28) . Although we found a HMGA1 binding site in the cyclin D1 promoter, bound by HMGA1 with high affinity in electrophoretic mobility shift assay experiments (data not shown), no down-regulation of cyclin D1 mRNA after the HMGA1 knockdown was detected. These findings suggest that the downregulation of cyclin D1 protein abundance after the HMGA1 knockdown is not due to transcription in our experimental model. In addition to transcriptional control, cyclin D1 turnover is regulated by the ubiquitin-proteasome pathway (16) . Because cyclin D1 is down-regulated by the HMGA1 knockdown independently of the proteasome inhibition, HMGA1 does not seem to regulate protein turnover. Inhibition of the proteasome induces apoptosis starting after 12 h of treatment in PDAC cells (data not shown). Due to this experimental limitation, we investigated only one time point in the proteasome inhibitor experiment, and therefore, we cannot rule out changes of the cyclin D1 degradation pathway after the HMGA1 knockdown completely.
HMGA1 was found to be specifically phosphorylated by the cdc2 kinase in late G 2 phase of the cell cycle, arguing for contribution of HMGA1 in the control of G 2 -to M-phase progression (30) . Because we observed the accumulation of cells in the G 2 -M phase of the cell cycle after the HMGA1 knockdown only in DanG cells, HMGA1-dependent G 2 -M-phase control seems to be cell type specific.
Translation control of most eukaryotic mRNAs occurs in a capdependent manner. Formation of the eukaryotic initiation factor 4F (eIF4F) complex is rate limited by the cap structure binding eIF4E (31) (32) (33) . Cyclin D1 mRNA translation is also mediated by eIF4E (20, 21) . Binding of eIF4E binding proteins (4E-BP, also known as PHAS-I for phosphorylated heat and acid-soluble protein stimulated by insulin) to eIF4E inhibit cap-dependent translation (34) . This binding is regulated through phosphorylation in a PI3K/ Akt-dependent pathway: Hypophosphorylated 4E-BPs are strongly attached to eIF4E, whereas hyperphosphorylation leads to a reduction of the binding affinity (35) . We show in this study that the siRNA-mediated knockdown of HMGA1 protein synthesis leads to a reduced phosphorylation of 4E-BP1. Therefore, eIF4E is bound to 4E-BP1, becomes inactivated, and leads to a translational inhibition of cyclin D1 expression.
Induction of a proliferative response through the IR has been shown in various transformed cells. Furthermore, the IR is overexpressed in epithelial tumors, like breast cancers, colon cancers, or ovarian cancers (36) (37) (38) (39) . Also, in PDAC cells, insulin induces a proliferative response (40) . In addition, insulin signaling induces PI3K activity in PDAC cells (41) . Interestingly, the IR substrate 1 (IRS-1) is overexpressed in and contributes to the unrestrained growth of PDAC cells (42) . Whereas Asano et al. (43) recently reported that IRS-1 mediates PI3K activation in PDAC cells, the receptor responsible for the IRS-1 phosphorylation is not known. Because we observed that the IR is involved in the control of proliferation of pancreatic cancer cells and the insulin-like growth factor-I receptor was not immunoprecipitated with IRS-1 in the study of Asano et al., it is attractive to speculate that the IR contributes to PI3K activation in pancreatic cancer cells (43) .
Insulin stimulates phosphorylation of 4E-BP1 and, thus, induces translation (44) . Several studies have shown that HMGA1 proteins are involved in the transcriptional regulation of the IR (23, 24, 45, 46) . Together with C/EBPh and SP1, HMGA1 proteins form a nucleoprotein complex that binds to two distinct regions (E3 and C2) of the IR promoter (23) . In our work, we showed that the knockdown of HMGA1 proteins results in significant decrease of both IR mRNA and protein expression. Furthermore, using ChIP techniques, we showed that HMGA1 proteins as well as C/EBPh bind to the E3 promoter region of the IR gene in PDAC cells. HMGA1 seems to increase C/EBPh recruitment to the IR promoter because HMGA1 knockdown impairs C/EBPh binding to the E3 region of the IR promoter, thereby contributing to IR transcription.
In summary, our results revealed that HMGA1 promote cell cycle progression of PDAC cells by a rather indirect mechanism. Activating the IR promoter leads to an increase of cyclin D1 expression and inactivation of an RB-dependent G 1 -phase checkpoint. According to the fact that the overexpression of both HMGA1 and cyclin D1 are hallmarks of PDAC, lowering HMGA1 abundance is a potential therapeutic strategy.
